Abstract: Onlap of a rocky shoreline by marine beds of the Mississippian Windsor Group occurred at the southeastern margin of the composite upper Paleozoic Maritimes Basin in central Nova Scotia. The sedimentology of thin basal rudaceous deposits suggests that, although the transgression was rapid, there were times of prolonged shoreline stability. Boulder beach deposits indicate a high-energy coastline and a large marine basin. Clastic delta deposits were proximal to thick biohermal banks in shallow areas near the southeast margin of the sea while sulphate deposition was occurring basinward. According to their contained biota and stratigraphic relationships, the marginal banks evolved in a less saline environment than banks forming away from river inputs, on paleotopographic highs located farther offshore. Because diversity of the biota decreases with an increase in both water depth and distance from the paleoshore and because bank development in shallow or marginal areas was apparently synchronous with evaporitic deposition in deeper or less marginal areas, we conclude that both a vertical and a lateral gradient of salinity existed due to the thrusting of fluvial fresh water above salt water and its infiltration along the paleoshoreline. As salinity increased with time, bank building eventually aborted and sulphate deposition gave way to salt deposition in the deepest parts of the basin. Lastly, the onlap of evaporites above marginal clastic deposits indicates that evaporite deposition occurred in a transgressive context, although a gradual thinning of the water column may have simultaneously occurred due to basin infilling.
Introduction
The onlap of a rocky shoreline by basal marine beds of the Viséan (Upper Mississippian) Windsor Group is well exposed in the Musquodoboit Valley of Nova Scotia (Fig. 1) . Inherent to the sedimentology of these beds is a detailed record of paleoenvironments of deposition during this transgressive event. Moreover, because of its economic importance as a source of carbonate, gypsum, salt, barite, and base metals, the Windsor Group succession in the area has been drilled extensively, allowing a detailed reconstruction of the nearshore paleoenvironments to be made from the study of cores. Hence, sections in the Musquodoboit Valley provide an excellent record of the evolution of paleocoastal processes during the onset of marine sedimentation.
Although this is the first formal work specifically on the paleogeography of the basal Windsor Group in central Nova Scotia, many paleogeographic conclusions were formulated in the prolific work that was done on the complete Windsor Group succession over the past 30 years and that was recently compiled by Giles and Boehner (2006) . In the present paper, the sedimentology of two significant exposures is combined with the study of 14 core logs and the paleontology of 23 basal Windsor biohermal banks to add detail to the previously proposed paleogeographic reconstructions and paleoenvironments of deposition. The main objectives of this study are (i) to understand the dynamics of the transgression, (ii) to differentiate Viséan paleotopographic elements from subsequently formed basement highs, (iii) to understand lateral variations in basal beds of the Windsor Group, and (iv) to compare the paleoenvironments and paleogeography of the Lower Windsor Group in central Nova Scotia with those of other studied areas in eastern Canada (McCutcheon 1988; Dix and James 1989; von Bitter et al. 1990 von Bitter et al. , 1992 Schenk et al. 1994 Schenk et al. , 2001 ).
Geological setting

Regional geology
Late Precambrian to Early Devonian rocks of Nova Scotia were deformed by the Middle Devonian Acadian orogeny and form the basement of the composite, upper Paleozoic Maritimes Basin (Calder 1998) (Fig. 1) . The latter developed as a series of continental graben fills (Belt 1968) with the onset of post-Acadian pull-apart tectonics during the Late Devonian in eastern Canada, at a time when compressional deformation was migrating towards New England (Jutras et al. 2003) .
The marine Windsor Group (middle to late Viséan) overlaps but is for the most part concordant with underlying Late Devonian to Tournaisian beds of the Fountain Lake and Horton groups (Fig. 2 ), which were deposited in more restricted, fault-bound continental basins (Calder 1998; Giles and Boehner 2006) . The Windsor Group was subdivided into two major faunal zones (Lower and Upper) and five subzones (A and B in the Lower, and C, D, and E in the Upper) by Bell (1929) (Fig. 2) . Giles (1981) constrained the Lower Windsor Group to the A subzone and refers to the B subzone as the Middle Windsor Group. Because of their lack of biological diversity, Lower Windsor Group carbonates (sensu Giles 1981 ) are thought to have been deposited in more saline environments than were those of the Middle and Upper Windsor Group (Bell 1929; Ryan 1978; Giles 1981) .
The basal Windsor Group carbonates of Nova Scotia are subdivided into two laterally equivalent formational units: the Macumber Formation (Weeks 1948 ) is a thin carbonate laminite unit (usually less than 5 m thick) deposited in central parts of the marine basin (Fig. 3) ; and the Gays River Formation , which includes a bank facies, an interbank facies, and a basal rudaceous facies, is a shallower water unit that can reach a thickness of 50 m (Fig. 3) .
The Meaghers Grant Formation is a dominantly siliciclastic unit with carbonate and sulphate interbeds (Boehner 1977) . Although mainly composed of grey beds, a distinctive red bed unit is found at the top of the Meaghers Grant Formation and was formally referred to as the Lindsay Brook Marker by Boehner (1977) . Based on the combined presence of carbonate laminations, sulphate, red siliciclastics, and pedogenic overprints in that red interval in many of the wells, Harnish (1978) concluded that the Lindsay Brook Marker was deposited in a coastal sabkha evolving towards a coastal desert environment, whereas grey beds below would reflect alluvial to deltaic environments. Although Giles and Boehner (1979, 2006) consider the Meaghers Grant Formation to be stratigraphically above the Gays River Formation, we demonstrate in this paper that the latter unit is laterally equivalent to the lower part of the former (Fig. 3) . Giles and Boehner (1979, 2006) mention that the upper beds of the Meaghers Grant Formation interdigitate with sulphates of the Carrolls Corner Formation, which also overlie the former unit (Fig. 3) . As shown in this study, up to 97% of the Meaghers Grant succession may interdigitate with sulphates, suggesting that sulphate deposition started soon after the onset of clastic deposition. According to Giles and Boehner (2006) , the Carrolls Corner Formation is the result of a long period of regression that preceded the deposition of Middle Windsor Group carbonates, a conclusion that is also challenged in this paper.
The Carrolls Corner Formation is in part overlain by and in part laterally transitional to the Stewiacke Formation halite Boehner 1984) (Fig. 3) . These Lower Windsor Group evaporites have a minimum thickness of approximately 400 m and are overlain by successions of carbonates, clastic rocks, and evaporites of the Middle and Upper Windsor Group (Giles and Boehner 2006) . The rest of the Carboniferous succession, above the Windsor Group, is dominantly clastic and almost entirely continental (Giles and Boehner 2006) (Fig. 2) .
Study area
The study area (Fig. 1) includes the southeasternmost exposures of the Windsor Group at the margin of the Maritimes Basin. It covers the narrow Musquodoboit Basin and the southernmost part of the Shubenacadie Basin of , which overlie Cambrian metagreywackes (Goldenville Formation) and Ordovician slates (Halifax Formation) of the Meguma Group (Fig. 1) . It should be emphasized that the Musquodoboit and Shubenacadie successions are structural basins and do not necessarily represent separate sedimentary basins (Giles and Boehner 2006) . They are herein referred to as areas (Fig. 1 ) rather than basins, as data Giles and Boehner 1982) , with a rose diagram of paleocurrent vectors determined from trough orientations in the Viséan Meaghers Grant Formation, and localities of wells and sites referred to in the text. The inset situates the study area within the composite upper Paleozoic Maritimes Basin (modified from Gibling et al. 1992). presented in this paper suggest that they were not separate depocentres.
The Horton Group is very sparsely represented in the Musquodoboit area and present only as a thin and discontinuous veneer of up to 67 m in the Shubenacadie area. It is known to be over 900 m thick, however, north of the Otter Brook Fault, which separates the Shubenacadie area from the Windsor-Kennetcook area (Giles and Boehner 2006) .
North of the Otter Brook Fault, the Tournaisian Horton Group succession is more complete, with coarse basal clastics of the lower Horton Bluff Formation overlain by lacustrine mudrocks of the upper part of this unit, which are in turn overlain unconformably by red beds of the Cheverie Formation (Martel et al. 1993; Martel and Gibling 1996) . South of the fault, the Horton Group is restricted to the continental clastic rocks of the Coldstream Formation , which bears a slightly younger spore assemblage than the upper part of the Cheverie Formation in its type section (Utting et al. 1989) and is characterized by higher conglomerate to sandstone and grey bed to red bed ratios (Fig. 2) .
In the study area, the uppermost Tournaisian Coldstream Formation is concordantly overlain by the middle Viséan Macumber Formation laminite in the Shubenacadie area and by the middle Viséan Meaghers Grant Formation in the Musquodoboit area, whereas the contemporaneous Gays River Formation bank, interbank, and rudaceous facies usually sit on pre-Carboniferous basement rocks in the Musquodoboit area and in the southeastern part of the Shubenacadie area (Giles and Boehner 2006) (Fig. 3) . The Carrolls Corner Formation is present in both areas, whereas the Meaghers Grant Formation is restricted to the Musquodoboit area, and the Stewiacke Formation to the Shubenacadie area. Lastly, the five faunal subzones of the Windsor Group are at least partially represented in the relatively complete succession of this group that is found at the centre of both the Shubenacadie and Musquodoboit areas, below Namurian, Pennsylvanian, and (or) Cretaceous strata (Giles and Boehner 2006) (Fig. 1) .
Outcrop analysis
Goldenville Formation -Gays River Formation contact at Mosher's Quarry A recently cut section in the Mosher's Quarry of the Upper Musquodoboit area (Fig. 1) exposes rocks of the Gays River Formation onlapping basement rocks of the Goldenville Formation along south-facing (Fig. 4) , north-facing (Fig. 5) , and west-facing walls. The north-and south-facing walls are only separated by -15 m. Boulder conglomerate and boulder breccia patches, up to 3 m thick, in places separate a thick Gays River Formation carbonate bank from a steeply dipping and highly irregular basement surface (Fig. 4) .
Irregularities of the basement surface are tightly controlled by joint geometry. Sharp wedges of basement rocks are shaped by the 90°intersections of joints that are parallel or perpendicular to bedding (Fig. 4) .
The boulder conglomerate is composed of well-rounded gravels of local Goldenville Formation lithologies (metagreywacke and phyllite) within a matrix of well-rounded siliciclastic material (Fig. 6 ). The sediment is poorly sorted and is a mixture of all clast sizes ranging from sand to large boulders. The boulder breccia is composed of the same clast lithologies, but the clasts are angular and float in a carbonate matrix.
The carbonate is an iron-rich, dolomitic, microsparitic algal boundstone with Koninckopora as the dominant faunal element. Fragments of brachiopods, ostracods, gastropods, bryozoa, and pelecypods are also found, along with 5%-10% quartz silt and subrounded sand. Small lenses of granular breccia with fragments of metagreywake and dolostone are found within the bank buildup near its base on the north-facing wall, above the coarse carbonate-supported breccia.
The lowermost exposure of basal beds is on the northfacing quarry wall, where boulder conglomerate is sharply overlain by carbonate-supported boulder breccia (Fig. 5) . Massive carbonate overlies the breccia and sits directly on the basement upslope from it (Fig. 5) . The carbonate also directly overlies the conglomerate in part, as it wraps the entire clastic package at a steep angle (Fig. 5 ).
At the same stratigraphic level where carbonate-supported breccia is present on the north-facing wall, carbonate overlies a fresh, flatter, but highly irregular bedrock surface with sharp wedges on the south-facing wall (Figs. 4, 7) . A similar breccia is present a few metres upslope from there (Fig. 4 ) and probably correlates with that of the north-facing wall, although not reaching as far down due to a local break in the paleoslope. A large wedge of basement rock separates the carbonate-supported breccia from more conglomerate, upslope on the south-facing wall (Fig. 4) , whereas a steep 50°contact between carbonate and basement rocks is found at the same level on the north-facing wall (Fig. 5, upper left corner) . Similar to the lower patch described earlier, this upper conglomerate patch is also characterized by a well-rounded and poorly sorted siliciclastic matrix, but it includes smaller boulders, apart from a large cubic boulder of basement rock near the top of the patch, which seems to have slid along the bed- Ryan et al. (1991) , Calder (1998) , Utting and Giles (2004) , and Giles and Boehner (2006) . Cross-hatching represents hiatuses.
ding plane that locally corresponds to the paleoslope (Fig. 4) . The conglomerate-breccia deposit is entirely covered by boundstone (Fig. 4) , which reaches a thickness of nearly 50 m in more complete sections of the quarry.
Highway 357 outcrop
The best exposure of the Meaghers Grant Formation is along the east side of Highway 357 (Fig. 1) , where 16 m is observed at an unknown distance from basement. The lower 11 m is dominated by alternations of planar beds of grey mudstone and trough cross-stratified, buff calcareous wacke, with small and dispersed fragments of carbonized plant remains. These beds are truncated at a 10-20°angle by two trough fills of oolitic and ostracodal grey calcarenite, one of which is probably over 10 m wide (incompletely exposed) and at least 5 m thick. According to 10 measurements of orientated troughs, paleocurrents flowed in a north-northwest direction (Fig. 1) .
Core analysis
The oldest Carboniferous beds in cores from the Musquodoboit and Shubenacadie areas are the uppermost Tournaisian grey and red siliciclastics of the Coldstream Formation, which are only found at the base of three of the 14 studied wells (Figs. 8 and 9, sections MG-43, MA-1, and SB-1). In the case of well MG-43, Boehner (1977) and Harnish (1978) were originally considering the entire clastic succession in this well as belonging to the Meaghers Grant Formation, making it the type section for this unit. Utting et al. (1989) retrieved late Tournaisian spores up to 80 m above the basement, however, suggesting that there is at least 80 m of Coldstream Formation beds in this well.
Although there are no significant lithostratigraphic differences that can be pointed out in the grey clastic succession that underlies the Lindsay Brook Marker in well MG-43, the thickness of Meaghers Grant clastics in nearby wells MG-40 and B-2 (in which the presence of sulphate and marine carbonate precludes an association with the Horton Group) strongly suggests that a large portion of the clastic interval in well MG-43 might be Viséan. Within the constraints provided by the few successful spore samples in this core, we tentatively place the Coldstream Formation -Meaghers Grant Formation boundary 81 m above basement, where an erosional contact with rip-up mudclasts separates a lower succession with coarser sands and more abundant plant debris than the overlying beds. The Coldstream Formation in wells MA-1 and SB-1 (Fig. 9 ) includes some coarser and redder material, but also grey sandstones and mudrock with coaly remains, similar to those of well MG-43 (Fig. 8) .
The presence of Tournaisian siliciclastics similar to those of the middle Viséan Meaghers Grant Formation in the Musquodoboit area calls for caution when assigning to a specific formation any undated clastic succession that is not underlain by carbonate or sulphate in that area, such as at the base of wells MG-40 and B-20 (Fig. 8) . The fine nature of siliciclastic beds at the base of these two wells, however, and the presence of sulphate or carbonate less than 20 m from the base suggest that they most probably belong entirely to the Meaghers Grant Formation (Fig. 8) .
Whereas the Meaghers Grant Formation can be entirely clastic at some localities (e.g., in wells MG-43 and B-2; Fig. 8 ). In the case of wells MG-15 and B-20, the carbonate intervals are characterized by a boundstone identical to that of the Gays River Formation buildups in the area, which can also include some clastic layers (e.g., well MG-3; Fig. 8 ). Hence, where carbonate buildups of substantial thickness alternate with siliciclastic layers, assignment to the Gays River Formation is given when the buildups encompass at least 50% of the basal succession (e.g., in well MG-3) and to the Meaghers Grant Formation when siliciclastics dominate the succession (e.g., in wells . The same logic is applied to sulphates, which are assigned to the Carrolls Corner Formation only when they dominate the succession, such as above the Lindsay Brook Marker in wells MG-40 and MG-43; above non-oxidized siliciclastics in wells B-20 and 208-14; above the Gays River Formation boundstones in wells 210-1(?), GL-2, CW-5, and F-100; and above the Macumber Formation laminites in wells MA-1 and SB-1 (Figs. 8, 9 ).
Most lateral variations in the Lower Windsor Group of the study area occur below the Carrolls Corner Formation, where boundstone, siliciclastics, and sulphates alternate at nearly all levels of the basal succession. The very base of the Windsor Group succession can start with either siliciclastics (e.g., in wells MG-40, MG-43, and B-20; Fig. 8 ) or carbonate buildups (e.g., in wells MG-3, MG-15, B-2, and 210-1; Fig. 8 ) at the southeast margin of the Musquodoboit area. Away from this margin, bank buildups are only found on isolated topographic highs, such as at the Gays River Bank and Glenmore Knob localities (e.g., in wells GR-476 and 208-14; Fig. 9 ). Bank buildups are not found on all presentday basement highs, however. For example, along the Chaswood Ridge and Wittenburg Mountain areas, interbank boundstone lies directly on basement rocks (e.g., in wells CW-5 and F-100; Fig. 9 ) or peloidal laminites (i.e., the Macumber Formation) on Horton Group sediments (e.g., in well MA-1; Fig. 9 ). The latter stratigraphic relationship is also found at the base of well SB-1, farther into the Shubenacadie area (Fig. 9) .
Sulphates are not known to occur at the very base of the Windsor Group succession at any locality, but they are present less than 5 m from the base in wells MG-40, GL-2, SB-1, 9) . The Lindsay Brook Marker is found at the top of the Meaghers Grant Formation in wells MG-40, MG-43, and B-2 but is absent from the top of this unit in wells B-20 and 208-14. This red bed unit is sharply overlain by over 50 m of sulphate in wells MG-40 and MG-43 (Fig. 8) .
Lastly, 277 m of mainly halite (Stewiacke Formation) is found in well SB-1 (Fig. 9 ) between 122 m of underlying sulphates and 440 m of post-Lower Windsor Group strata (i.e., the Viséan Middle and Upper Windsor Group and rocks of the Namurian Mabou Group). The Stewiacke Formation is not found below Middle and Upper Windsor Group rocks in any wells of the Musquodoboit area (Giles and Boehner 2006) .
Gays River Formation bank fauna and flora
Twenty-eight Gays River Formation banks were identified by in the Musquodoboit and Shubenacadie areas (Fig. 10) . The fauna and flora of 20 of these were studied, along with those of two banks from southern Nova Scotia (the East River and Springvale banks) and two banks from northern Nova Scotia (the Williams Point and Calpo Quarry banks) (Fig. 11) .
The Gays River Formation bears a low-diversity, highabundance fauna and flora (Fig. 11) . There is an absence of major groups of organisms that are both common and widespread at higher stratigraphic levels of the Windsor Group. For example, the Phylum Echinodermata is absent in the Gays River Formation. In contrast, crinoid debris is ubiquitous and often prolific in the rest of the Windsor Group carbonates. Moreover, brachiopods are poorly represented in the Gays River Formation, also in contrast with the Middle and Upper Windsor Group (Fig. 12) . Smooth-shelled brachiopods are relatively abundant in the Gays River Formation, but only two specimens of plicate or costate brachiopods have been reported from this unit ), although they are abundant throughout the subsequent Windsor Group carbonates (Bell 1929; Moore and Ryan 1976) .
Taxa that appear to be limited to the Gays River Forma- tion include Paleohalimedia sp., Koninckopora macropora, Cyclopora sp., and Turbonitella sp. Most of the fossils in the Gays River Formation (Fig. 11 ) have also been reported from stratigraphically higher carbonates in the Windsor Group, however, which show greater diversity (Moore and Ryan 1976) . This observed lack of diversity in the fauna of the Gays River Formation is thought to reflect a more stressed environment of deposition than that of the rest of the Windsor Group carbonates.
In terms of relative abundances in the fossil assemblage, the Gays River Formation is dominated by gastropods and pelecypods, which contrasts with the brachiopod-dominated carbonates at higher levels of the Windsor Group. Ryan (1978) quantified this by examining biotic diversity on bedding plane surfaces of equal area from the various biohermal buildups throughout the Windsor Group (Figs. 12A-12C) . suggested that the most plausible explanation for the mollusc domination of the Gays River Formation was paleoenvironmental in nature. Although all of the Windsor Group carbonates can be interbedded with evaporites at various localities, the Gays River Formation occasionally interfingers with (Hannon 1973) , and is therefore in part laterally equivalent to, the thickest evaporite interval in the Windsor Group (over 400 m of the Carrolls Corner and Stewiacke formations). These evaporites were deposited under an arid climate in a large evaporating inland sea (Howie and Barss 1975) .
As the younger Windsor Group carbonates are not laterally equivalent to thick evaporite intervals, it is reasonable to assume that the brachiopod domination in the bioherms of the Middle and Upper Windsor Group is a reflection of more normal saline conditions, and that the mollusc domination in the brachiopod-poor Lower Windsor Group is a result of more saline conditions. High salinity during Gays River Formation deposition is also suggested by the abundance of calcispheres associated with K. macropora (Mamet 1970) . From these conclusions, relative fields of "more saline", "mixed saline", and "more normal saline" were drawn on the ternary diagrams (Fig. 12D) , bearing in mind that truly normal saline marine conditions were possibly never achieved during deposition of the entire Windsor Group (Geldsetzer 1978) .
For the younger stratigraphic intervals, 96% of the samples fall within the more normal saline field, and the remaining 4% fall within the mixed saline zone (Fig. 12D) . In contrast, 75% of the Gays River Formation carbonate samples fall within the more saline zone, 20% in the mixed saline zone, and only 5% in the more normal saline zone (Fig. 12D) . Interestingly, all the Gays River Formation samples that lie outside of the more saline zone come from areas where the Gays River Formation banks are overlain by or proximal to the Meaghers Grant Formation clastics. Ryan (1978) suggested that faunal assemblage zones within individual Gays River Formation banks were controlled by water depth, wave agitation, and their position within the reefal buildups. Hatt (1978) demonstrated that the distribution of algal boundstone and associated bryozoa-coral bafflestone at the Gays River Bank (Fig. 9 and locality 25 in Fig. 10 ) was controlled by the -60 m structure contour on the preCarboniferous unconformity. This confirms the suggestion of Ryan that water depth and reefal position strongly influenced the biotic distribution.
In addition to the biotic variations within individual banks, regional variations in fossil distribution have also been observed . Although refer to only a twofold biotic zonation between "Koninckoporamollusc banks" and "tabulate coral -bryozoa banks", we consider that the faunal and floral distribution can be separated into three zones (Fig. 10A) . The two contrasting zones of "coral-bryozoa-Paleohalimedia banks" and "Koninckoporamollusc banks" are separated by a zone of "mixed assemblage banks" that contains a combination of fossils from the end members. Interestingly, the zones are parallel to the present southeastern margin of the Maritimes Basin in the Musquodoboit area and correspond to changes in the nature of sediments that interdigitate and overlie the bank buildups (Figs. 8, 9, 10B ). These zones of associated sediments evolve from mainly clastics at the southeastern margin to a mix of clastics and evaporites basinward and evaporites only farther into the basin (Figs. 8, 9 , 10B). The faunal zones therefore seem to correspond to a decrease in fluvial inputs from the southeast to the northwest, as reflected by an associated decrease in the abundance of clastic material in the succession (Fig. 10B ).
Paleoenvironmental and paleogeographic reconstructions
Coldstream Formation time slice (Fig. 13A) Before deposition of the Windsor Group, most of the Musquodoboit and Shubenacadie regions must have been a source area for the conformably underlying siliciclastic beds of the Coldstream Formation, which are seemingly limited to small valley fills in the area, being absent in several wells (Figs. 8, 9, 13A ). Because these beds bear a younger spore assemblage than the upper part of the Cheverie Formation near the town of Cheverie (type section of the latter unit) (Utting et al. 1989) , -50 km to the northwest of the study area, it is probably limited to narrow valley fills to the north of the Otter Brook Fault as well, cutting through Cheverie Formation strata (Fig. 13A) . A disconformable erosional contact with the overlying Lower Windsor Group can be observed in the Cheverie area, supporting the hypothesis that this area may have been experiencing erosion while beds of the Coldstream Formation were being deposited in narrow valley fills cutting through the basin. Because both successions are nearly facies equivalent, such a stratigraphic relationship would be hard to detect given the lack of sufficiently continuous exposure. Beds of the Coldstream Formation therefore seemingly record a rise in base level following a period of base-level lowering and downcutting near the end of the Tournaisian.
Horton-Windsor transition
Although uncertainties remain regarding the age of Lower Windsor Group carbonates, age determinations from foraminifers (Mamet 1970), conodonts (von Bitter and PlintGeberl 1982) , and macrofauna (Bell 1929 (Bell , 1960 all suggest that they do not begin in the lowermost Viséan, whereas the Coldstream Formation is bound to the Tournaisian according to its spore assemblage (the Colatisporites decorus -Schopfites claviger Assemblage Zone of Utting et al. 1989) . Hence, a hiatus may separate the Horton and Windsor groups in the study area (Fig. 2) , although this hiatus is narrower than that in the Cheverie area. During this hiatus, basement rocks were subjected to mechanical and chemical weathering in the terrestrial environment, generating a regolith mantle Fig. 11 . List of faunal and floral species found in 23 Gays River Formation banks in Nova Scotia. The list of banks is ordered in terms of the clastics to evaporites ratio in the overlying beds, which decreases from left to right and is roughly proportional to the distance from the paleoshore. C, common; CC, very common; R, rare; RR, very rare.
(O'Beirne-Ryan and Zentilli 2003) (Fig. 14A) . Due to the general aridity of the Viséan climate in that area (Utting 1987) , mechanical weathering processes must have been important, and inefficient chemical weathering allowed coarse material to be preserved in the regolith. (Fig. 13B) Rapid flooding of the Maritimes Basin occurred during the Viséan as more generalized subsidence affected the area and accommodated an invasive sea (Fig. 13B) . According to Dewey (1988 Dewey ( , 1989 , the source of marine waters was the Northern Hercynian Ocean, a proto-Tethys ocean that closed during the Pennsylvanian, leaving a suture that can be traced across Europe and North Africa.
Macumber -Gays River -Meaghers Grant formations time slice
Macumber Formation
As was pointed out by , the Macumber Formation laminites are mainly found above Tournaisian clastic rocks of the Horton Group, whereas the Gays River Formation typically lies directly on basement rocks (Figs. 9, 13B ). Because Horton Group clastics are found only in the most depressed sectors of the basement surface in the Shubenacadie and Musquodoboit areas, this association may only reflect water depth, although slope gradient and the nature of the substrate (degree of induration) may also have been of influence during sedimentation.
Gays River Formation
As the sea transgressed and onlapped basement highs of the area, the regolith was reworked by wave action, as evidenced by patches of boulder conglomerate with wellrounded clasts, which are best interpreted as beach deposits (Figs. 4-6, 14B ). During periods of sea-level stagnation, denudation must have occurred in the intertidal area, exposing the fresh bedrock below the regolith. At the same time, gravel beach deposits must have been concentrating in the lower reaches of the intertidal zone and in the upper reaches of the subtidal zone while being rounded and sorted by wave action (Fig. 14B) . The poor degree of sorting and the preservation of sharp wedges of basement rocks in the washed-out intertidal zone (Fig. 7) imply that sea-level stagnation was insufficiently long to produce significant bedrock erosion. Coastal marine erosion was therefore limited to the ablation of a thin regolith mantle.
After formation of the lowermost gravel beach deposit, a sudden rise in sea level is necessary to explain the presence of a carbonate-supported breccia above the conglomerate (on the north-facing wall of the studied cut section at Mosher's Quarry; Fig. 5 ), or upslope from it on a fresh basement rock surface washed out of its regolith mantle (on the southfacing wall; Fig. 4 ). The subangular boulders had to be sourced from a regolith that was lying some distance upslope and was then being reworked by wave action (Fig. 14C) .
The high angle of the basement surface allowed boulders and slabs of the regolith to be easily dislodged by wave action and transported downslope, via gravity-induced processes such as toppling, sliding, and rolling. Due to weathering along joints, the basement rocks were structurally weak and hence susceptible to detachment along the steep paleoshoreline. Dislodged rock boulders occasionally made their way down from a high-energy surf zone to a relatively calm area where carbonate buildup could occur between rock falls and where abrasion was ineffective. Over time, a carbonate-supported boulder talus deposit was formed through this process (Fig. 4) . Similar breccias below the Gays River Formation at other localities of the Musquodoboit area have also been interpreted as submarine talus deposits (Schenk and Hatt 1984; Giles and Boehner 1979, 2006) .
In late stages of the prolonged period of shoreline stability during which the carbonate-supported breccia of the Mosher's Quarry section was formed, and as the basement was still being washed out of its regolith mantle in the intertidal zone, rounded gravels started accumulating within basement wedge traps in the lower reaches of the intertidal zone and in the upper reaches of the subtidal zone (Fig. 14D) .
The sea eventually took other transgressing steps (Fig. 14E) , and up to 50 m of thick massive carbonate rock was deposited subsequently above the basal breccia and conglomerate deposits (Fig. 14F) . The presence of a Gays River Bank outlier on top of the basement high that limits the Musquodoboit area to the southeast (locality shown in Fig. 1) indicates that the latter was eventually overstepped.
As noted earlier, the lower conglomerate is only exposed on the north-facing wall of the studied cut section at Mosher's Quarry, and the upper conglomerate only on the south-facing wall. This could be due to either the limitations of exposure or the lenticular nature of these deposits. The lower conglomerate is necessarily older than the upper conglomerate, however, due to the presence of the carbonate-supported breccia in between, which can be well correlated from one side of the quarry cut to the other.
The present disposition of the carbonate-supported talus breccia and overlying beach conglomerate necessitates a steep paleoslope to explain the juxtaposition of a low-energy environment (carbonate-supported talus) and a high-energy environment (boulder beach) (Fig. 4) . If the paleoslope had been less steep, all the material would have been rounded and sitting in a siliciclastic matrix. Hence, a steep paleoslope on the southeast limit of the Musquodoboit area limited the Windsor Sea during the first stages of the initial transgression. Due to algal binding, carbonate accumulated at steeper angles than the angle of repose of clastic material (Fig. 5) .
Lateral transitions observed between wells 210-1 and GL-2 ( Fig. 8) and between wells 208-14 and CW-5 (Fig. 9 ) support the observation by that Gays River Formation biohermal banks thin very quickly to the dark and poorly fossiliferous interbank facies overlain by sulphates. The presence of a thick bank buildup along the Gays River Bank and Glenmore Knob localities (Fig. 9 , wells suggests that these present-day basement highs were also paleotopographic highs during sedimentation of the Gays River Formation, providing shallower marine conditions for the development of bank buildups (Fig. 13B) . Geldsetzer (1978) and Ryan (1978) proposed that lower salinity in the upper part of a salinity-stratified water body may have favored Gays River Formation bank buildups on paleotopographic highs.
In contrast with the basement highs at Gays River Bank and Glenmore, the Chaswood Ridge and Wittenburg Mountain are fault bound (Horne et al. 2000) . The absence of bank buildups along them (Fig. 9 , wells CW-5, MA-1, and F-100) suggests that they were not paleotopographic highs during deposition of the Windsor Group, but rather that they are the result of subsequent structural deformation. Also supporting the latter conclusion is evidence of high-energy coastal conditions in the sedimentology of the Mosher's Quarry section, which suggests that the southeast margin of the Musquodoboit area was that of a large open basin, certainly much larger than the present configuration of the structural basin. Hence, although knobs of paleotopographic highs seemingly existed, the Musquodoboit, Shubenacadie, and Windsor areas were most likely part of the same open sedimentary basin (the Minas subbasin of Bell 1929) during Windsor Group deposition.
Meaghers Grant Formation
In a detailed sedimentologic study of the Meaghers Grant Formation clastics, largely based on well MG-43, Harnish (1978) concluded that this unit evolved from an alluvial to a deltaic environment below the Lindsay Brook Marker. Based on subsequently obtained spore dates from well MG-43 (Utting et al. 1989) , we interpret the subtle petrographic changes on each side of an erosional surface, located 81 m above the basement contact in this well, as representing the transition between fluvial sandstones of the Coldstream Formation and delta-front sandstones of the Meaghers Grant Formation.
As stated earlier, bank buildups interdigitate with clastic sediments in many wells (e.g., wells MG-3, MG-15, and B-20; Fig. 8) , and either type of lithology can be found at the base of the Windsor Group succession (Figs. 8, 9 ). Hence, although Giles and Boehner (2006) consider the Meaghers Grant Formation to be younger than the Gays River Formation banks, core data suggest that onset of Viséan clastic sedimentation is synchronous with bank development and that the Gays River Formation is entirely transitional to the Meaghers Grant Formation (Fig. 13B) . The Musquodoboit Valley region therefore evolved rapidly in Viséan times from an eroding source area (Fig. 13A ) to a sedimentary basin, which from then on was receiving clastic material from a source area displaced to the southeast (Fig. 13B) . How far to the southeast the sea reached during its maximum extent is unknown. The large quantity of siliciclastic material being conveyed into the Musquodoboit area during deposition of the Meaghers Grant Formation implies, however, that a large subaerial topographic high (the Nova Scotia Uplands of Harnish 1978) existed nearby to the southeast. Given this and the apparent absence of Windsor Group strata in offshore Nova Scotia, it can be argued that the Windsor Sea probably did not extend much farther to the southeast than the present margin of the Musquodoboit area.
The abundance of sands and the absence of pure carbonates below the Lindsay Brook Marker in well MG-43 imply that this locality was closest among the well localities to the main fluvial input into the marine basin (Fig. 8) . However, the passage from basal carbonates in well B-2 to basal sands in well B-20 (Fig. 8) , which is farther from well MG-43 than the former, implies that secondary tributaries were also feeding the basin with terrigenous clastics along the margin (Fig. 13B) . Because clastic material of the Meaghers Grant Formation fines and disappears to the northwest (Figs. 8, 9 ), and because paleocurrent vectors are also oriented in that direction (Fig. 1) , it is concluded that the source area was to the southeast and that the paleocoastline had an overall southwest-northeast strike.
Gays River -Meaghers Grant -Carrolls Corner formations time slice (Fig. 13C) The presence of Macumber Formation laminites or Gays River Formation interbank carbonate directly below the Carrolls Corner Formation, away from the southeast margin of the Minas Subbasin (well GL-2, Fig. 8 , and wells MA-1, SB-1, CW-5, and F-100, Fig. 9 ), implies that evaporitic deposition was initiated after a period of more normal marine conditions. Slow sedimentation rates can be inferred to justify the thinness of carbonates below the sulphates, but in the case of well MG-40 the sulphates are underlain by only 3 m of sandstone and mudrock (Fig. 8) , suggesting that this initial period of more normal marine conditions was very shortlived in the epicontinental marine basin.
The presence of only 3 m of siliciclastic material between the lowermost sulphate and basement rocks in well MG-40, whereas at least 18 m of siliciclastics interdigitate with bank buildups 5 km to the south in well MG-15 (Fig. 8) , suggests that the Carrolls Corner Formation is a lateral equivalent not only of the upper Meaghers Grant Formation beds, as proposed by Giles and Boehner (2006) , but also of the upper beds of the Gays River Formation. This is also suggested by the presence of sulphate below the first occurrences of carbonate bank buildups in well B-20 (Fig. 8) . In other words, bank buildups may have bordered the evaporitic basin during most of their formation (Fig. 13C) .
The relationship between variations in the faunal assemblages and the proximity of fluvial inputs into the Minas Subbasin from the southeast (Figs. 1, 10) suggests that water salinity and (or) turbidity may have been responsible for these variations. From the observation that faunal assemblages near the basin margin have more similarity to those which developed under the less saline conditions of the Middle and Upper Windsor Group, which bear more species and relative abundance of brachiopods (Figs. 10, 12) , it is postulated that salinity variation was a controlling factor for the lateral biotic zonation, although turbidity may also have been an important factor. The absence of echinoderms and the abundance of calcispheres suggest that salinity fluctuations were also of importance (Casier et al. 2005) during Gays River Formation deposition, which corroborates with the conclusion that fluvial inputs had a strong influence on the environment. correlated algal boundstones and associated bryozoa-coral bafflestones of the Gays River Bank ( Fig. 9; locality 25, Fig. 10 ) with Koninckopora algal boundstones and bafflestones of the southeast margin of the Musquodoboit area on the basis of the similar reefal position of these units within the banks, the petrography of the carbonates, and the similar water depths interpreted from the contained biota. The correlation of these units suggests that some of the biotic variations must be controlled by environmental influences other than water depth and position within the reefal banks of the formation. Hence, salinity increased not only with depth, but also with distance from sources of freshwater, which, due to its lower density, was probably forced to both thrust over more saline water and infiltrate along the basin margin.
The higher diversity of banks that are located close to fluvial inputs suggests that average salt contents had more influence on biotic zonations than short-term salinity fluctuations. This and the apparently long duration of coeval bank development and evaporitic deposition within the same basin suggest that fluvial inputs within that basin were relatively persistent, implying that the source area lying to the southeast was considerably large and perhaps extending into less arid areas. This conclusion is also suggested by the abundance of coaly material in the Meaghers Grant Formation, although this unit interdigitates with evaporites.
Meaghers Grant -Carrolls Corner -Stewiacke formations time slice (Fig. 13D) Due to a combination of basinward and temporal increases in salinity, the lateral transition between the proximal Gays River Formation bank buildups and the distal Carrolls Corner Formation sulphates gradually gave way to a lateral transition between these sulphates and the Stewiacke Formation halite (Figs. 3, 13D) , where Meaghers Grant Formation clastic inputs were low. The lateral transition between sulphate and salt is suggested by the interfingering of both lithologies in some wells of the Shubenacadie area (Giles and Boehner 2006) and by a greater thickness of sulphate near the southeast basin margin (e.g., in well CW-5; Fig. 9 ) compared with that in the Shubenacadie area (e.g., in well SB-1; Fig. 9 ). The temporal transition from the previous time slice must have occurred when salinity in the Minas Subbasin became high enough to result in the abortion of bank building in marginal parts of the basin and to initiate salt deposition in the centre of the basin (Fig. 13D) .
Lindsay Brook Marker time slice (Fig. 13E) We concur with the conclusions of Harnish (1978) that the limestone laminites, sulphates, red clastics, and paleosols of the Lindsay Brook Marker reflect an intertidal to supratidal environment near the end of Meaghers Grant Formation deposition. By this time, the Nova Scotia Uplands may have been quite subdued by prolonged erosion; furthermore, basin infilling may have forced the shoreline to migrate basinward, away from remaining highlands (Fig. 13E) . The absence of the Lindsay Brook Marker below the Carrolls Corner Formation in some wells, such as well B-20, may be due to erosion, as the sea kept regressing. Channel fills of non-oxidized clastic material may have cut the supratidal flats during this time slice, however, making the red bed cover discontinuous (Fig. 13E) .
Carrolls Corner -Stewiacke formations time slice (Fig. 13F) Sulphates overlie the Meaghers Grant Formation clastics even in the most marginal areas of the basin (Fig. 8, . We therefore conclude that, after a short period of regression during deposition of the Lindsay Brook Marker, basin waters resumed their transgressive trend during deposition of the overlying evaporitic succession. This is contrary to the conclusions of Giles (1981) and Giles and Boehner (2006) , who regarded the evaporites as having formed during a long period of regression. As the evaporation of 1000 m of seawater can produce only -15 m of evaporite deposits (Warren 1999) , a connection with an open oceanic basin during most of the deposition time is necessary to explain the thickness of the evaporite deposit, which exceeds 400 m. Even in a transgressive context, high evaporation rates could gradually concentrate the brines of the restricted epicontinental sea and lead to thick evaporitic deposition through constant refluxing of oceanic water into the system. Hence, we conclude that the shoreline was farthest to the southeast during deposition of the upper part of the Lower Windsor Group in the study area, in which there is no record of marginal deposits, but only that of a lateral transition between the Carrolls Corner Formation sulphates and the Stewiacke Formation chlorides. The overall surface area of the Windsor Sea may have been contracting at that time, however, as it was tectonically forced to regress away from the northwest margin of the Maritimes Basin shortly after the initial transgression (Jutras and Schroeder 1999; Jutras et al. , 2001 Jutras and Prichonnet 2005) . Due to tectonic constraints, the Windsor Sea may have been forced to migrate towards the southeast while becoming simultaneously more restricted.
At the southeast margin of the Maritimes Basin, during deposition of the upper beds of the Stewiacke and Carrolls Corner formations, gradual thinning of the water column may have accompanied these late stages of the local transgression due to the gradual sedimentary infilling of topographic lows and the associated flattening of the basin floor. The presence of small potash patches at the top of the Lower Windsor Group in dispersed areas of the Maritimes Basin (Boehner 1985) is best explained by thinning of the water column, which eventually must have forced the water body to divide into isolated basins near the very end of Lower Windsor Group deposition, before the major influx that marks the base of the Middle Windsor Group.
Comparisons with time-equivalent units in other areas of eastern Canada
Our paleoenvironmental and paleogeographic model for the Lower Windsor Group in the Musquodoboit and Shubenacadie areas concurs in many ways with that of Dix and James (1989) Finding evidence for water depths exceeding 100 m in some of the Big Cove Formation mounds at Port-au-Port, von Bitter et al. (1990 Bitter et al. ( , 1992 did not agree with the conclusions of Dix and James (1989) concerning the proximity of a rocky shoreline during mound development but did not provide arguments to explain the vicinity of contemporaneous alluvialfan deposits (Lower Cove Formation) without involving nearby subaerial basement highs. Moreover, von Bitter et al. did not present convincing arguments to disprove the many indications of fluvial inputs provided by Dix and James for the Big Cove Formation itself. In the context of the highly dissected paleokarst topography described by Dix and James below the basal Windsor Group in the Port-au-Port Peninsula, we find that the presence of moderately deep water mounds is not inconsistent with the nearby presence of a rocky shoreline.
According to von Bitter et al. (1990 Bitter et al. ( , 1992 and Schenk et al. (1994 Schenk et al. ( , 2001 , mounds of the Big Cove and Gays River formations in southern Newfoundland and northern Cape Breton Island ( Fig. 1; inset) were formed around deep-water hydrothermal vents. We agree that the abundance of tube worms, the lack of fossil fragmentation, and the nearby presence of Viséan volcanics in the Magdalen Islands ( Fig. 1 ; inset) support this conclusion for these localities. We do not agree with von Bitter et al. (1992) , however, that this model may apply to all Gays River Formation buildups. In the Musquodoboit area, type locality of the Gays River Formation , tube worms are absent and the buildups are in the form of wide banks. Moreover, the -1 km exposure of a 50 m bank at the Mosher's Quarry locality shows no evidence of hydrothermalism, and the studied cut section shows evidence instead of shallow-water, high-energy conditions in the form of fragmented fossils, rounded siliciclastic sand grains, and a lateral transition with gravel beach deposits. Hydrothermal alteration exists at other localities of the Gays River Formation, such as at Gays River Bank (Fig. 10, locality  25) , but all studies conducted in the Musquodoboit area agree that this alteration post-dates bank formation and that the buildups represent a shallower water facies than the Macumber Formation laminites (Lavoie and Sami 1998; Giles and Boehner 2006) .
Conclusions
(1) Paleogeographic and paleoenvironmental reconstructions suggest that the Musquodoboit and Shubenacadie areas represent marginal regions of the Minas Subbasin of Bell (1929) , as paleocurrent vectors and lateral variations of facies in both regions are consistent with the presence of a common paleoshoreline to the southeast, with no substantial intervening basement high. Moreover, evidence of high coastal energy in the basal Gays River Formation deposits at the southeast margin of the Musquodoboit area necessitates a more open basin than the present configuration of the Musquodoboit Valley (i.e., the "Musquodoboit Basin" of . (2) Basal beds of the Gays River Formation along the southeast margin of the Minas Subbasin record evidence for a rapid, but intermittent marine transgression onto paleotopographic highs, probably due to a sudden increase in subsidence rates within the Maritimes Basin. This conclusion differs slightly from that of Giles and Boehner (2006) , who hypothesized a nearly instantaneous transgression resulting from a breach into a preexisting, subsea-level continental basin. We argue that the transgression breaks recorded by superimposed beach deposits are not compatible with catastrophic scenarios. (3) Core and outcrop analyses suggest that lateral variations between bank buildups, interbanks, and laminated limestones of the Gays River and Macumber formations are related to water depth at the time of deposition, with the bank buildups representing the shallowest, near-surface facies, as suggested by Giles and Boehner (2006) . This conclusion challenges the thesis of von Bitter et al. (1992) that all Gays River Formation buildups may have formed in deep-water conditions. Moreover, contrary to studies conducted in southern Newfoundland and northern Cape Breton Island (von Bitter et al. 1990 (von Bitter et al. , 1992 Schenk et al. 1994 Schenk et al. , 2001 , we found no evidence of hydrothermal activity as a control to bank development in the Gays River Formation of central Nova Scotia. (4) According to core correlations, clastic sedimentation of the Meaghers Grant Formation along river deltas was synchronous with bank development in the Gays River Formation, away from these deltas and along the southeast margin of the Windsor Sea. (5) Core correlations also suggest that sulphate deposition of the Carrolls Corner Formation was synchronous with all but the very base of clastic and carbonate material. Hence, we conclude that the Gays River Formation banks are significantly thicker than the interbank facies of this unit and the Macumber Formation laminites not only because of higher sedimentation rates, but also in part because they formed during a much longer time frame, while bordering an evaporitic basin. (6) Lateral and vertical biotic variations in the bank buildups suggest that salinity was increasing with depth and with distance from the paleoshore due to freshwater input from rivers that were partly thrusting over salt water and partly infiltrating along the shoreline due to their lower density. (7) The passage from a basinward transition between bank buildups and deeper water laminites to a basinward transition between bank buildups and sulphates and finally to a basinward transition between sulphates and halite suggests that salinity was increasing with time, probably due to insufficient influxes for the existing evaporation rates. (8) Because coarse marginal clastic deposits of the Meaghers Grant Formation are directly overlain by thick evaporites, we conclude that the Windsor Sea was still transgressing during most of the evaporitic deposition, demonstrating that the latter environment is not restricted to regressive settings.
